This study demonstrated a technique using forward osmosis (FO) to pre-concentrate the organic matter in raw wastewater, thereby transforming low strength wastewater into an anaerobically digestible solution. The chemical oxygen demand (COD) of raw wastewater was concentrated up to approximately eightfold at a water recovery of 90%. Thus, even low strength wastewater could be pre-concentrated by FO to the range suitable for biogas production via anaerobic treatment. Excessive salinity accumulation in pre-concentrated wastewater was successfully mitigated by adopting ionic organic draw solutes, namely, sodium acetate, and EDTA-2Na. These two draw solutes are also expected to benefit the digestibility of the pre-concentrated wastewater compared to the commonly used draw solute sodium chloride. Significant membrane fouling was observed when operating at 90% water recovery using raw wastewater. Nevertheless, membrane fouling was reversible and was effectively controlled by optimising the hydrodynamic conditions of the cross-flow FO system. Thus, even low strength wastewater could be pre-concentrated using FO to the range suitable 21 for biogas production via anaerobic treatment. Excessive salinity accumulation in pre-22 concentrated wastewater was successfully mitigated by adopting ionic organic draw solutes, 23 namely, sodium acetate and EDTA-2Na. These two draw solutes are also expected to benefit 24 the digestibility of the pre-concentrated wastewater compared to sodium chloride. Significant 25 membrane fouling was observed when operating at 90% water recovery using raw 26 wastewater. Nevertheless, membrane fouling was reversible and was effectively controlled by 27 optimising the hydrodynamic conditions of the cross-flow FO system. 28
Introduction 32
The shift from aerobic to anaerobic biological treatment processes is a necessary step to 33 achieve energy efficient wastewater treatment and to facilitate resource recovery practices 34 (Frijns et al., 2013; Verstraete et al., 2009; Wei et al., 2014) . Anaerobic treatment has two 35 major advantages over aerobic treatment, including energy recovery via methane production 36 and reduced energy input, since aeration is not required (Appels et al., 2008) . Furthermore, 37 anaerobic effluent represents a practical platform for nutrient recovery (Ansari et al., 2016 ; 38 Xie et al., 2014b) . 39
In general, municipal wastewater is not suitable for direct anaerobic treatment. Indeed, given 40 the low organic matter content of municipal wastewater (indicated by a chemical oxygen 41 demand (COD) of usually less than 500 mg/L), the thermal energy and physical footprint 42 required for anaerobic treatment can be excessive. Importantly, anaerobic treatment requires 43 a feed solution in excess of 1,000 mg COD/L to ensure system stability and process 44 efficiency (Khanal, 2009 ). An innovative approach to overcome the challenges associated 45 with the anaerobic treatment of municipal wastewater involves the initial pre-concentration of 46 organic matter prior to feeding the digester. 47
The net energy recovery of anaerobic systems is theoretically proportional to the COD of the 48 feed solution. Thus, pre-concentrating the organic matter in wastewater can significantly 49 benefit the economics of anaerobic treatment processes. An ideal pre-concentration process 50 would essentially separate water and non-aqueous components, to produce high quality water 51 for reuse and a concentrate stream suitable for anaerobic treatment. Previously suggested 52 methods include dynamic sand filtration, dissolved air flotation, and bio-flocculation (Frijns 53 et al., 2013; Verstraete et al., 2009 ). However, these systems have limited organics retention 54 capability and effluent from these processes still requires membrane filtration to produce 55 water suitable for reuse. High rejection membrane processes such as nanofiltration (NF) and 56 reverse osmosis (RO) can pre-concentrate the organic content of wastewater. Yet, they are 57 not suitable for direct wastewater treatment and require extensive pre-treatment to control 58 membrane fouling. Thus, the application of advanced separation technologies which can 59 handle complex wastewater and achieve low energy treatment will be pivotal to developing 60 sustainable wastewater treatment practices. 61
Forward osmosis (FO) is a membrane process with significant advantages when applied to 62 wastewater treatment for fresh water production and resource recovery (Lutchmiah et al., 63 2014b; Xie et al., 2016) . Unlike pressure driven membrane processes, the driving force of 64 water permeation for FO is the osmotic pressure gradient between the feed solution 65
(wastewater) and the draw solution (e.g. NaCl) (Cath et al., 2006) . FO can directly pre-66 concentrate wastewater without significant external energy input (Alturki et 
Materials and Methods 117

Materials and chemicals 118
Cellulose triacetate (CTA) membrane with a non-woven support was used in this study and 119 was acquired from Hydration Technologies Innovation (Albany, Oregon, USA). The overall 120 thickness of this non-woven CTA membrane is 144 µm. The average pore size is expected to 121 be similar to that of a CTA membrane with embedded support which has been reported to be 122 0.37 nm by Xie et al. (2014a 
Experimental protocol 152
All experiments were conducted in FO mode (i.e. active layer facing the feed solution). 153
Analytical grade solutes were dissolved in DI water at concentrations corresponding to an 154 osmotic pressure of 60 bar. Water flux was measured according to the standard procedure 155 previously described by (Cath et al., 2013) . Water recovery was used to represent the FO 156 water extraction rate and was calculated based on the ratio of the cumulative permeate 157 volume and the initial feed solution volume. 158
For batch experiments, the FO system was used to process primary effluent until a water 159 recovery of 90% had been achieved. The initial volume of primary effluent (i.e. feed 160 solution) was 2 L, and the solution was continuously filtered until 90% of the feed solution 161 had permeated through the membrane (i.e. permeate volume of 1.8 L). Water flux was 162 continuously monitored. The conductivity, pH, and temperature of each solution were also 163 regularly measured. A 10 mL sample was withdrawn from the feed solution at specific time 164 intervals for COD analysis as a measure of the strength of the wastewater or concentrated 165 solution. All batch experiments were conducted in duplicate. 166
A continuous flow experiment was also conducted whereby 5 L of primary effluent was 167 firstly processed to achieve 90% water recovery, leaving 0.5 L of pre-concentrated solution. 168
At this point, the membrane was flushed with DI water to remove the fouling layer. The 169 system was then continuously operated using a feeding and concentrate withdrawal regime 170 and membrane fouling (Section 3.3). The eightfold concentration of COD achieved in this 225 study is substantially higher than previous studies (i.e. three-fold COD concentration) (Zhang 226 et al., 2014) and is attributed to the longer process filtration time and potentially the lower 227 initial COD of the wastewater. 228
The enhanced organic content of FO concentrated wastewater can enable this solution to be 230 fed into an anaerobic digester, and is arguably more effective when compared to direct 231 anaerobic digestion of dilute wastewater. The net energy recovery from an anaerobic digester 232 is theoretically proportional to the feed COD concentration, and therefore the FO system 233 water recovery (Wei et al., 2014) . Thus, the increased COD concentration of FO pre-234 concentrated wastewater would increase energy recovery per unit volume of digestate. 235
Furthermore, since 90% of the initial water content has been extracted by the FO process for 236 further treatment, the volume of feed that requires heating to optimum mesophilic conditions 237 (i.e. 35 °C) during anaerobic treatment is lowered ten-fold (when compared with raw 238 wastewater). In addition, when the FO process is combined with other desalination processes, 239 high quality water can be reclaimed for reuse (Chekli et al., 2016) . Overall, FO presents a 240 direct and robust approach to wastewater treatment, by focussing on pre-concentrating 241 organic matter to facilitate subsequent anaerobic digestion for energy recovery. Thus, adopting ionic organic draw solutions could achieve a pre-concentrated solution with a 270 lower salinity, without compromising the achievable organic content in pre-concentrated 271 wastewater. 272
[FIGURE 2] 273
The lower reverse solute flux behavior of sodium acetate and EDTA-2Na can be explained by 274 the mobility of the draw solute molecule. Both draw solutes have a lower diffusivity 275 compared to sodium chloride, as acetate and EDTA ions are significantly larger than chloride 276 (Ansari et al., 2015) . Thus, solute diffusion from the draw solution to the feed solution is 277
restricted. This has implications for the attainable water flux for each draw solution (Section 278 3.2.3). Binary ion analysis for sodium acetate showed a similar performance to sodium 279 chloride, whereby both the cation and anion diffused into the feed solution at a similar rate 280 ( Figure 3A) . In contrast, binary ion analysis for EDTA-2Na revealed the potential decoupling 281 of sodium and EDTA diffusion rates ( Figure 3B) . In other words, sodium tended to diffuse 282 through the FO membrane at a faster rate than EDTA. This is likely due to the large size and 283 high negative charge of EDTA, minimising EDTA diffusion through the membrane (Hau et  284 al., 2014). Nonetheless, despite the identified decoupling of the EDTA-2Na draw solute, 285 compared to sodium chloride and sodium acetate, the reverse salt flux with respect to only 286 sodium was still insignificant. The combination of EDTA with solutes other than sodium has 287 also shown potential to minimise reverse solute flux and would greatly benefit the FO pre-288 concentration process (Nguyen et al., 2015) . 289
COD content of pre-concentrated wastewater 291
In addition to mitigating salinity build-up, ionic organic draw solutes enhance COD when 292 pre-concentrating low strength wastewater. At 90% water recovery, both sodium acetate and 293 EDTA-2Na displayed higher COD concentrations compared to sodium chloride ( Figure 4A) . 294
This may be due to the reverse solute flux of the ionic organic draw solutes, enhancing the 295 COD concentration of the low strength wastewater. Although reverse solute flux is generally 296 viewed as a hindrance for the FO process, in the case of ionic organic draw solutes, the 297 mechanism could be beneficial for subsequent anaerobic treatment. For example, unlike 298 sodium chloride which inhibits methane production during anaerobic treatment, the presence 299 of sodium acetate and EDTA-2Na in pre-concentrated wastewater can benefit methane 300 production (Ansari et al., 2015) . By adopting ionic organic draw solutes when treating low 301 strength wastewater, opportunities exist to operate at a favourably lower water recovery, 302 whilst attaining the desired COD range and allowable salinity level. the scale-up of FO systems using EDTA based draw solutions, since a large membrane area 327 would be required. Nonetheless, since FO is an osmotically driven process, other operational 328 costs would not be significantly impacted. 329
Effect of draw solute on pre-concentrated wastewater pH 330
For all three draw solutions, the wastewater pH gradually increased during the pre-331 concentration process (Figure 6 ). This is a result of the net diffusion of hydrogen ions from 332 the feed to the draw solution. Hydrogen ion diffusion occurs in order to maintain solution 333 electroneutrality, as a result of reverse solute flux (Hancock and Cath, 2009; Xie et al., 334 2014b). When EDTA-2Na was used, the wastewater pH tended to increase at a fractionally 335 slower rate compared with the other two draw solutions, and may be due to the significantly 336 lower reverse solute flux rate of EDTA-2Na. Additionally, despite the lower reverse solute 337 flux of sodium acetate compared to sodium chloride, the basic nature of highly concentrated 338 sodium acetate solution may have contributed to the observed high wastewater pH. Results 339 indicate that independent of the selected draw solution, FO pre-concentrated wastewater will 340 have a high pH (approximately pH 8) and thus may need adjustment prior to feeding into an 341 anaerobic reactor. 342
[FIGURE 6] 343
Membrane fouling 344
Sustained wastewater pre-concentration inevitably leads to membrane fouling. As shown in 345 lower fouling rate (Shaffer et al., 2015) . For these reasons, simple membrane flushing is a 374 highly effective cleaning strategy. 375
[FIGURE 8] 376
Longer-term water flux behaviour was observed by continuously operating the FO system 377 with the pre-concentrated wastewater solution (i.e. fixed 90% water recovery) after one pre-378 concentration cycle. In other words, after 70 hours of operation, fresh primary effluent was 379 fed into the FO feed solution and concentrate was withdrawn to maintain a constant 90% 380 system water recovery. From 70 hours onwards, the water flux gradually declined due to the 381 continuous exposure to the pre-concentrated wastewater. Interestingly, the rate of water flux 382 decline gradually decreased and appeared to reach a steady state at approximately 150 hours. 383
This may indicate that the fouling cake layer had reached a maximum thickness, due to the 384 cross flow conditions. Nonetheless, membrane fouling remains a prominent hurdle for FO 385 systems and further efforts are required to investigate the effectiveness of other fouling 386 mitigation methods during wastewater pre-concentration. 387
Conclusion 388
Pre-concentration of wastewater using FO presents a feasible approach to maximise the 389 content of organic matter and possibly improve the digestibility of wastewater. In this study, 390 the FO system achieved a COD concentration factor of approximately eightfold for low and 391 moderate strength wastewater, at a water recovery of 90%. Specifically, FO allows for the 392 pre-concentration of wastewater to the COD range (i.e. >1,000 mg/L) suitable for biogas 393 production via anaerobic treatment, even with low strength primary effluent obtained during 394 wet weather. Furthermore, the importance of draw solution selection is emphasised, as ionic 395 organic draw solutes benefited the pre-concentration process in two ways. Both sodium 396 acetate and EDTA-2Na solutes mitigated excessive salinity build-up in the pre-concentrated 397 wastewater due to their lower reverse solute fluxes. Additionally, the ionic organic draw 398 solutes enhanced the COD of low strength pre-concentrated wastewater, and are expected to 399 benefit the solutions digestibility in terms of biogas production compared to sodium chloride. 400
Significant membrane fouling was observed when operating at 90% water recovery using raw 401 wastewater during the continuous flow experiment. However, this was reversible and could 402 be controlled by optimising the hydrodynamic conditions during the FO process. 
